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ABSTRACT 
Condensation on superhydrophobic nanostructured surfaces 
offers new opportunities for enhanced energy conversion, 
efficient water harvesting, and high performance thermal 
management. Such surfaces are designed to be Cassie stable, 
which minimize contact line pinning and allow for passive 
shedding of condensed water droplets at sizes smaller than the 
capillary length. In this work, we investigated in situ water 
condensation on superhydrophobic nanostructured surfaces 
using environmental scanning electron microscopy (ESEM). 
The “Cassie stable” surfaces consisted of silane coated silicon 
nanopillars with diameters of 300 nm, heights of 6.1 µm, and 
spacings of 2 µm, but allowed droplets of distinct suspended 
(S) and partially wetting (PW) morphologies to coexist. With 
these experiments combined with thermal modeling of droplet 
behavior, the importance of initial growth rates and droplet 
morphology on heat transfer is elucidated. The effect of wetting 
morphology on heat transfer enhancement is highlighted with 
observed 6× higher initial growth rate of PW droplets compared 
to S droplets. Consequently, the heat transfer of the PW droplet 
is  4-6× higher than that of the S droplet. To compare the heat 
transfer enhancement, PW and S droplet heat transfer rates are 
compared to that of a flat superhydrophobic silane coated 
surface, showing a 56% enhancement for the PW morphology, 
and 71% degradation for the S morphology. This study provides 
insight into importance of local wetting morphology on droplet 
growth rate during superhydrophobic condensation, as well as 
the importance of designing CB stable surfaces with PW 
droplet morphologies to achieve enhanced heat transfer during 
dropwise condensation. 
 
INTRODUCTION 
Condensation on superhydrophobic nanostructured surfaces has 
received significant attention in the past few decades to 
enhance heat and mass transfer by passively shedding water 
droplets at length scales smaller than the capillary length [1]. 
Previous studies have focused on designing and fabricating 
superhydrophobic surfaces that can achieve spontaneous 
droplet removal during condensation [2-8]. These surfaces are 
energetically favorable to form Cassie droplets [2, 8, 9] which 
reside on the air filled nanostructures and have little contact 
line pinning to the surface as compared to Wenzel droplets 
which wet the cavities of the nanostructure [10]. However, 
recent studies have identified that different wetting 
morphologies can exist on Cassie stable surfaces where partial 
wetting of the base occurs beneath the Cassie droplet [11, 12]. 
To elucidate the importance of such differences, studies on 
droplet growth dynamics are needed, which have in general 
been ignored. 
 
In this work, we investigated in situ water condensation on 
superhydrophobic nanostructured surfaces using environmental 
scanning electron microscopy (ESEM). The superhydrophobic 
nanostructured surfaces were designed to be “Cassie stable”, 
but allowed droplets of distinct suspended (S) and partially 
wetting (PW) morphologies to coexist on the surface. With 
these experiments combined with thermal modeling of droplet 
behavior, the importance of initial growth rates and droplet 
morphology on heat transfer is elucidated. Consequently, the 
heat transfer of the PW and S droplet morphologies were 
characterized and compared with that of a flat 
superhydrophobic surface providing insight into the importance 
of local wetting morphology on droplet growth rate during 
superhydrophobic condensation. 
 
EXPERIMENTAL DESIGN AND CHARACTERIZATION 
Nanostructured Surface Preparation 
Silicon nanopillar surfaces [Fig. 1(a)] with diameters of 
d = 300 nm, heights of h = 6.1 μm, center-to-center spacings of 
l = 2 μm where the solid fraction is 𝜑 =  𝜋𝑑 /4𝑙  = 0.018 and 
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roughness factor is 𝑟 =  1 + 𝜋𝑑ℎ/𝑙  = 3.26 were fabricated 
using e-beam lithography and deep reactive ion etching 
(DRIE). The samples were first cleaned in a plasma cleaner 
(Harrick Plasma) for 20 minutes, then placed in a vacuum 
chamber containing an open container of silane and held at 
roughing vacuum levels for 30 minutes. Upon removal from the 
chamber the samples were rinsed in ethanol, DI water, and then 
dried with N2. Goniometer measurements on a smooth silanated 
silicon surface showed advancing and receding contact angles 
of θa = 119.2° ± 1.3° and θr = 86.1° ± 1.3°, respectively, 
resulting in a calculated equilibrium angle of θe = 102.1° ± 1.4°. 
 
 
Fig. 1. (a) Scanning electron micrographs (SEM) of an array of 
superhydrophobic silicon nanopillars with diameters, heights, and 
spacings of d = 300 nm, h = 6.1 μm, and l = 2 μm, respectively. (b) 
Environmental scanning electron micrographs (ESEM) of water 
condensation on (a) showing both partially wetting (PW) and 
suspended (S) droplets (P = 1200 ± 12 Pa, Ts = 282 ± 1.5 K). 
 
An energy-based criterion can be defined to delineate the 
expected condensing droplet morphology on the fabricated 
nanostructured surface [13], given by  
 
𝐸∗ =
cos 𝜃  
cos𝜃 
=
−1
𝑟 cos𝜃 
 .   (1) 
 
When 𝐸∗ > 1 the contact line near the base of the pillars can 
overcome the energy barrier to de-pin and a Wenzel droplet is 
formed. If  𝐸∗ < 1 complete de-pinning is not possible and the 
droplet spreads over the top of the pillar array forming a 
nominally Cassie Baxter droplet as 𝑅 ≫ 𝑙. This interpretation is 
consistent with the behavior observed in Fig. 1b where after 
accounting for the scallop features on the pillar sides as 
ℎ = (𝜋/2)ℎ [14], we calculate 𝐸∗ = 0.63. 
 
ESEM Experiments 
Droplet growth on the surfaces was characterized using an 
environmental scanning electron microscope (Zeiss EVO 55 
ESEM). Back scatter detection mode was used with a high gain. 
The water vapor pressure in the ESEM chamber was 
1200 ± 12 Pa. The sample temperature was set to 9 ± 1.5 °C 
using a cold stage resulting in nucleation of water droplets on 
the sample surface due to condensation of the saturated water 
vapor. Typical image capture was obtained with a beam 
potential of 20 kV and variable probe current depending on 
stage inclination angle. To limit condensed droplet heating 
effects [11] probe currents were kept below 2.9 nA and view 
area was kept above 400 x 300 μm2. Images and recordings 
were obtained at an inclination angle of 70 to 80 degrees from 
the horizontal to observe growth and wetting dynamics close to 
the droplet base. Copper tape was used for mounting the sample 
to the cold stage to ensure good thermal contact. 
 
Fig. 1(b) shows the two distinct droplet morphologies, PW and 
S droplets on the surface. PW droplets nucleate within a unit 
cell and while growing beyond the confines beyond the unit 
cell, they spread across the tops of the pillars in the shape of a 
balloon with a pinned neck in the pillars. Before coalescence 
with neighboring droplets, an increasing proportion of the 
droplet contact area is in the composite state and has an 
increasing apparent contact angle which approaches 
𝜃  =  164 ± 4° for 〈R〉 > 15 µm [Fig 2(a)]. It is important to 
note, the PW droplet morphology is distinct from the classical 
Wenzel morphology by only locally wetting the substrate 
beneath the droplet center. S droplets nucleate and grow on top 
of the pillars in a spherical shape with an apparent contact angle 
of 𝜃 =  164 ± 6° [Fig 2(b)]. The measured contact angles are in 
good agreement with the calculated 𝜃  = 170.6° using the 
Cassie-Baxter equation, cos 𝜃  = 𝜑(cos 𝜃 +1) − 1, where 𝜃  is 
the intrinsic equilibrium contact angle. At these droplet sizes 
(~ 1 - 10 μm), such a wetting configuration is typically 
energetically unfavorable due to a Laplace pressure instability 
mechanism [15], but may be attributed to the presence of 
scallop features on the pillar sides that pin the contact line. 
 
 
Fig. 2. Droplet contact angle as a function of diameter for the (a) PW 
morphology. The model fit is defined as 𝜃  (𝑅) = 85° + 5.82𝑅° for 
〈2R〉 ≤ 27 µm, and 𝜃  = 164° for 〈2R〉 > 27 µm. (b) S morphology. 
 
During the condensation process, droplet removal via 
coalescence induced jumping [1, 16] was observed. The 
average coalescence droplet diameter (lc) at steady state was 
determined to be 10 ± 2 μm, which is 30× smaller than the 
droplet capillary length. The spontaneous out of plane droplet 
motion is a result of the surface energy released upon in plane 
droplet coalescence [Fig. 3]. Both PW and S droplets were 
observed to have equal probability for coalescence, indicating 
the contact line pinning force for both droplet morphologies is 
comparable. 
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Fig. 3. Coalescence induced droplet ejection for three separate 
locations. Images a), c) and e) show the condensing droplet surfaces 
prior to coalescence, while images b), d) and f) show the 
corresponding surfaces after coalescence and ejection. Labels A and B 
are used to denote the coalescing droplets. For clarity, the three cases 
shown are all large droplet diameter coalescence events exceeding the 
average coalescence diameter of 10 ± 2 μm [6]. 
 
Figure 4 shows time lapse images of both PW and S droplets, 
which highlight the drastic differences in droplet morphology 
and growth rates on the surface. The experimentally obtained 
average droplet diameters as a function of time for the PW and 
S morphologies prior to coalescence and spontaneous removal 
are shown in Figures 6(a) and (b), respectively. The growth rate 
of the S droplet is initially 6× lower than that of the PW droplet 
for 〈R〉 < 6 μm. As the droplets reach radii 〈R〉 > 6 μm, the 
growth rates for both morphologies are comparable which 
suggests that the mechanism limiting droplet growth for both 
wetting states at the later stages are the same. 
 
 
Fig 4. Time lapse images of condensation captured via ESEM video 
showing the difference in growth behavior between PW and S droplets. 
Droplets A, B, C, and D are in the PW state, whereas E and F are in 
the S state. 
MODEL DEVELOPMENT 
To provide insight into the experimental results and capture the 
growth dynamics of the different morphologies, we developed a 
thermal resistance based heat transfer model [17] which 
accounts for the presence of hydrophobic pillar structures. 
Figure 5(a) shows schematics of the PW and S droplets with the 
associated parameters used in a thermal resistance model. The 
heat is first transferred from saturated vapor to the liquid-vapor 
interface through resistances associated with droplet curvature 
(Rc) and liquid-vapor interface (Ri). The heat is conducted 
through the droplet and pillar structure to the substrate through 
resistances due to droplet conduction (Rd), hydrophobic coating 
(Rhc), pillars (Rp) and the gap (Rg). Marangoni and buoyant 
induced convection within the droplet were neglected in the 
model because the droplets were assumed to be sufficiently 
small so that conduction is the primary mode of heat transfer 
[18, 19]. Each thermal resistance is related to a temperature 
drop in the resistance network. The temperature drop is due to 
droplet curvature [20] (ΔTC) given by 
 
∆𝑇 =
𝑅∗
𝑅
(𝑇𝑠𝑎𝑡 − 𝑇𝑠) =
 𝑇   𝜎
𝑅ℎ  𝜌 
 , (2) 
 
where Tsat is the water vapor saturation temperature, σ is the 
water surface tension, hfg is the latent heat of vaporization, and 
ρw is the water condensate density. 
 
The temperature drop between the saturated vapor and liquid 
interface (ΔTi) is given by 
 
∆𝑇𝑖 = 𝑇𝑠𝑎𝑡 − 𝑇𝑖 =
𝑞
ℎ  𝜋𝑅
 (1−cos𝜃)
 , (3) 
 
where q is the heat transfer rate through the droplet and hi is the 
condensation interfacial heat transfer coefficient [21, 22] given 
by 
ℎ𝑖 =
 𝛼
 −𝛼
1
√ 𝜋?̅?𝑇 
ℎ  
 
𝜈 𝑇 
 , (4) 
 
where ?̅? is the gas constant, νg is the water vapor specific 
volume. The condensation coefficient, α, is the ratio of vapor 
molecules that will be captured by the liquid phase to the total 
number of vapor molecules striking the liquid surface, ranging 
from 0 to 1. We assumed α = 0.9 which is appropriate for clean 
environments such as the ESEM [20]. However, for this study, 
the model results were not sensitive to the condensation 
coefficient ranging from 0.1 to 1. 
 
Once heat is transferred to the droplet interface, it must conduct 
through the droplet from the interface to the base. This leads to 
a droplet conduction temperature drop (ΔTd) given by [17] 
 
∆𝑇𝑑 = 𝑇𝑖 − 𝑇𝑏1 =
𝑞𝜃
4𝜋𝑅𝑘 sin 𝜃
 , (5) 
 
where Tb1 is the liquid temperature of the droplet base and kw is 
the water thermal conductivity.  
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The temperature drop due to the hydrophobic coating is 
calculated via a conduction resistance given by 
 
∆𝑇𝐻 = 𝑇𝑏1 − 𝑇𝑏 =
𝑞𝛿  
𝜑𝜋𝑅 𝑘  sin
 𝜃
 , (6) 
 
where Tb2 is the temperature of the silicon pillars beneath the 
hydrophobic coating, δHC is the hydrophobic coating thickness 
(δHC = 1 nm), φ is the structured surface solid fraction, and kHC 
is the coating thermal conductivity (kHC = 0.2 W/mK). 
 
 
 
 
Fig. 5. (a) Schematics of a PW and S droplet and the associated 
thermal resistance diagram showing the liquid-vapor interface (Ri), 
droplet conduction (Rd), hydrophobic coating (Rhc), pillar (Rp) and gap 
(Rg) thermal resistances. (b) Thermal resistance network of the pillar 
structure. The schematic outlines the parallel path of heat flowing 
through i) the hydrophobic coating (Rhc) followed by the pillar (Rp) 
and ii) the liquid bridge (Rg) followed by the coating (Rhc). 
 
The conduction resistance through the pillars is dependent on 
the wetting mode of the droplet. If the droplet morphology is 
suspended (S), the conduction resistance is given by 
 
∆𝑇 , = 𝑇𝑏 − 𝑇𝑠 =
𝑞ℎ
𝜑𝜋𝑅 𝑘 sin
 𝜃
 , (7) 
 
where Ts is the structured surface substrate temperature, h is the 
structured surface pillar height (h = 6.1 μm), and kP is the pillar 
thermal conductivity (kP = 150 W/mK). 
 
If the droplet morphology is PW, the conduction resistance 
temperature drop through the pillar and coating structure is 
calculated by considering a parallel heat transfer pathway from 
the base of the droplet to the substrate surface [Fig. 5(b)], given 
by 
 
∆𝑇  = 𝑇𝑏1 − 𝑇𝑠 =
𝑞
𝜋𝑅 𝑘𝐻 sin
 𝜃
[
𝑘 𝜑
𝛿𝐻 𝑘 + ℎ𝑘𝐻 
+
𝑘 (1 − 𝜑)
𝛿𝐻 𝑘 + ℎ𝑘𝐻 
]
−1
. (8) 
 
If the droplet morphology is S, the conduction temperature drop 
given by Eq. (8) becomes the S pillar temperature drop 
(including the coating temperature drop) where kw = 0 W/mK. 
This signifies that there is no liquid bridge available for heat 
flow, leaving only the pillar structure. 
 
By combining all of the temperature drops and determining the 
individual droplet heat transfer rate, q, gives  
 
𝑞 =
𝜋𝑅 (∆𝑇−
      
      
)
 
   (      )
 
  
       
 
 
      
  
[
   
          
 
  (   )
          
]
   , (9) 
 
The first, second and third terms in the denominator represent 
the liquid-vapor interface (Ri), droplet conduction (Rd), and 
pillar-coating-gap (P-C-G) thermal resistances (Rp, Rhc, Rg) 
respectively. The heat transfer rate can also be related to the 
droplet growth rate 𝑑𝑅/𝑑𝑡 using the relation 𝑞 = ?̇?ℎ  ,  
 
𝑞 = 𝜌 ℎ  
𝑑 
𝑑𝑡
=
𝜋
 
𝜌 ℎ  
𝑑
𝑑𝑡
{(1 − cos 𝜃) (2 + cos 𝜃)𝑅 }.  (10) 
 
EXPERIMENTAL AND MODELING RESULTS 
During early stages of growth (〈R〉 < 6 μm), the conduction 
resistance (Rd) is negligible compared to the other thermal 
resistances. Therefore, for the PW droplet, the pillar structure 
(Rp + Rhc) and liquid bridge (Rg + Rhc) resistances are 
dominant. However, in the S droplet, only the resistance 
associated with the pillar structure (Rp + Rhc) exists, which 
results in a higher total thermal resistance and 6× lower initial 
growth rate. Note that the P-C-G thermal resistance is not the 
only reason for the growth behavior difference between the two 
droplet morphologies, the higher initial contact angle of S 
morphology contributes to its slower growth rate due to lower 
droplet basal contact area.  
 
As both droplet morphologies reach a critical radius, Rcd ≈ 6 
µm, the conduction resistance (Rd) dominates and limits the 
growth rate in both cases [18]. A theoretical estimate of Rcd was 
obtained by balancing the conduction resistance through the 
droplet, 𝑅𝑑 =  𝑅𝜃/(4𝜋𝑅
 𝑘 sin 𝜃), with the interfacial,                   
𝑅𝑖 = 1/[2𝜋𝑅
 ℎ𝑖(1 − cos 𝜃)] and P-C-G, 𝑅 − − ~ 𝑘 𝜑/
[𝑘𝐻 𝜋𝑅
 sin 𝜃 (𝛿𝐻 𝑘 + ℎ𝑘𝐻 )] thermal resistances. The 
interfacial and conduction resistances become equivalent at     
𝑅 𝑑 = 4𝑘 sin 𝜃 (𝑅𝑖 + 𝑅 − − )/𝜃 ≈ 6 µm, which is in good 
agreement with our experiments. Figures 6(a) and (b) show the 
results from the model (red lines) and are in excellent 
agreement with the experiments. 
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Fig. 6. Time evolution of average droplet diameter (〈2R〉) for (a) the 
PW droplet. At early stages (〈2R〉 < 12 μm), the rapid droplet growth 
is due to good thermal contact between the droplet base and the 
substrate surface (Ts). Inset: (Top Left) ESEM example image of a PW 
droplet. (b) The S droplet. The S droplet has a slower growth rate than 
the PW droplet due to poor thermal contact between the base and 
substrate. At later stages (〈2R〉 ≥ 12 μm), the S and PW growth rates 
converge due to conduction thermal resistance (Rd) that dominates 
between the droplet interface and base. Experimental data (black 
circles) were obtained from ESEM video (P = 1200 ± 12 Pa, Ts = 282 
± 1.5 K). Inset: (Top Left) ESEM example image of a S droplet. 
 
HEAT TRANSFER ANALYSIS 
Rapid droplet growth rates prior to droplet coalescence and 
removal are desired to enhance condensation heat transfer [1]. 
Therefore, PW droplet morphologies are desired. To estimate 
the heat transfer enhancement of the PW compared to the S 
droplets, the droplet heat transfer was obtained for each mode 
by integrating Eq. (10) from nucleation (R = R* ≈ 0) to 
coalescence (R = lc/2.), and dividing by the time to reach 
coalescence (τ). A comparison of the heat transfers 𝑞  ̅̅ ̅̅ ̅ and 𝑞 ̅̅ ̅ 
for the PW and S individual droplets, is given by 
 
𝑞  ̅̅ ̅̅ ̅̅ ̅
𝑞 ̅̅ ̅̅
=
   
   
  
  
 ,  (11) 
𝑞  ̅̅ ̅̅ ̅̅ ̅
𝑞 ̅̅ ̅̅
≅
(1−cos𝜃  )
 (  cos 𝜃  )𝜏 
(1−cos𝜃 )
 (  cos 𝜃 )𝜏  
 ,   (12) 
 
where 𝜃   and 𝜃  are the PW and S contact angles at 
coalescence, respectively, lc is the coalescence length or 
coalescing droplet diameter, and τpw and τs are the PW and S 
droplet coalescence times (times at which coalescence occurs) 
corresponding to a coalescence length of lc, respectively.   
 
 
Fig. 7. Heat transfer ratio of PW to S droplet versus coalescence 
length (lc). The PW droplet is more than 4 times as effective as the S 
droplet at removing heat during the dropwise condensation process 
due to better thermal contact between the droplet base and substrate. 
The large contact angle of both droplet modes results in small pinning 
forces on the droplet contact line, resulting in spontaneous droplet 
removal at an average coalescence length of 10 ± 2 μm. Inset: 
Coalescence length definition schematic. 
 
It is important to note, the heat transfer ratio is valid for the two 
droplet morphologies (PW and S), not for two different 
surfaces. Fig. 7 shows the results from the experiments and the 
model, which demonstrate a 4-6× increase in heat transfer 
during dropwise condensation of PW droplets compared to S 
droplets. The heat transfer enhancement diminishes at larger 
coalescence lengths due to increasing droplet conduction 
thermal resistance for both PW and S droplets, resulting in 
identical growth rates. 
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FLAT SURFACE COMPARISON 
 
Flat Surface Growth Experiments 
To obtain an estimate of heat transfer performance 
enhancement due to nanostructuring, additional growth studies 
were performed on a flat surface. The flat surface sample 
consisted of a silicon substrate, functionalized by chemical 
vapour deposition (CVD) of (tridecafluoro-1,1,2,2-
tetrahydrooctyl)-1-trichlorosilane. Droplet growth on the flat 
surface was characterized using identical condensation 
conditions as the nanostructured surface. Fig. 8 shows 
individual droplet growth of the three distinct droplet 
morphologies, PW, S, and flat (F). Droplets on the flat sample 
nucleate randomly on the surface and grow with an 
approximately constant contact angle of 𝜃𝐹 = 120°, which is in 
good agreement with the advancing contact angle 
θa = 119.2° ± 1.3° measured using the micro-goniometer.  
 
 
Fig. 8. Time evolution of average droplet diameter (〈2R〉) for the PW, S 
and flat droplet morphologies. At later stages (〈2R〉 ≥ 12 μm), the 
droplet growth rates converge due to dominating conduction thermal 
resistance (Rd) between the droplet interface and base. 
 
The growth rate of F droplets is higher than that of PW or S 
morphologies due to the lower contact angle. Additionally, the 
P-C-G thermal resistance is not present on the flat surface, 
further enhancing growth. However, the higher growth leads to 
higher droplet pinning and larger droplet removal sizes. The 
average coalescence length of F droplets is found to be 
lc = 30 ± 2 μm [Fig 9].  
 
Fig. 9. Droplet coalescence on the flat surface for 3 separate droplet 
pairs (a) immediately before and (b) immediately after coalescence. 
The average coalescence diameter for F droplets is lc = 30 ± 2 μm. 
 
Heat Flux Model 
To provide a direct comparison of heat transfer performance 
between the flat and nanostructured surface morphologies, we 
integrated the thermal resistance model with droplet size 
distribution theory. For small droplets, the size distribution n(R) 
is determined as [17, 23] 
𝑛(𝑅) =  
1
3𝜋𝑅 ?̂?
(
𝑅 
?̂?
)
−
 
 𝑅(𝑅 − 𝑅∗)
𝑅 − 𝑅∗
𝐴 𝑅 + 𝐴 
𝐴 𝑅 + 𝐴 
exp(𝐵1 + 𝐵 ) , (13) 
where  
𝐵1 =  
  
𝜏  
[
𝑅 
 −𝑅 
 
+ 𝑅∗(𝑅 − 𝑅) − 𝑅
∗ ln (
𝑅−𝑅∗
𝑅 −𝑅
∗)] ,  (14) 
𝐵 = 
  
𝜏  
[𝑅 − 𝑅 − 𝑅
∗ ln (
𝑅−𝑅∗
𝑅 −𝑅
∗)] ,  (15) 
𝜏 =  
 𝑅 
 (  𝑅    )
 
  (11  𝑅 
 −14  𝑅 𝑅
∗ 8  𝑅 −11  𝑅
∗)
 ,  (16) 
𝐴1 = 
∆𝑇
ℎ  𝜌 (1−cos 𝜃)
 (  cos 𝜃)
 ,  (17) 
𝐴 = 
𝜃
4𝑘 sin 𝜃
 ,  (18) 
𝐴 = 
1
 ℎ (1−cos(𝜃))
+
1
𝑘  sin 𝜃
[
𝑘 𝜑
𝛿  𝑘  ℎ𝑘  
+
𝑘 (1−𝜑)
𝛿  𝑘  ℎ𝑘  
]
−1
.   (19) 
For large droplets which grow mainly due to coalescence, the 
droplet distribution N(R) is governed by [24] 
  
𝑁(𝑅) =  
1
 𝜋𝑅 ?̂?
(
𝑅 
?̂?
)
−
 
 
.  (20) 
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The effective maximum droplet radius, ?̂?, is assumed to be 
2 mm [17]. The effective radius Re is defined as the radius 
when droplets growing by direct vapor addition begin to merge 
and grow by droplet coalescence. Assuming nucleation sites 
form a square array, the effective radius is  
 
𝑅 = 
1
√4𝑁 
  , (21) 
 
where Ns is the number of nucleation sites per unit area of 
condensing surface. The drop size distribution obtained from 
Eqns. (13) and (20) is shown in Fig. 10 for four different 
nucleation densities. Higher nucleation densities result in lower 
effective radii, and higher distributions of small droplets on the 
surface.  
 
 
Fig. 10. Drop size distribution for nucleation densities of 1010, 1011, 
1012, and 1013 m-2. 
 
The steady state condensation heat flux is obtained by 
multiplying the individual heat transfer rate through a single 
droplet (Eq. (9)) with the droplet size distribution (Eqns. (13) 
and (20)) and integrating the result over all radii given by 
 
𝑞" = ∫ 𝑞(𝑅)𝑛(𝑅)𝑑𝑅 + 
𝑅 
𝑅∗
∫ 𝑞(𝑅)𝑁(𝑅)𝑑𝑟 .
𝑅   
𝑅 
 (22) 
 
Comparison Results 
Equation (22) is used to determine the heat flux performance 
for surfaces having each droplet morphology (PW, S and F) 
individually. In order to compare the effects of nanostructuring, 
the droplet coalescence length, lc, which is equivalent to the 
effective radius, Re, is changed by varying the nucleation 
density. Each calculated heat flux is compared to the baseline 
flat surface performance, which assumes a constant lc = 30 μm, 
and departure radius of  𝑅 ̂= 2 mm. For the nanostructured 
surface, growth beyond the coalescence length is assumed to be 
non-existent due to droplet coalescence induced removal from 
the surface. The sweeping time τ is assumed to be infinite, and 
 𝑙 = 𝑅 ̂ = 𝑅  = 10 μm. Figure 11 shows the heat transfer ratio 
of each surface as a function of coalescence length. As lc 
decreases, heat transfer performance increases markedly due to 
a smaller departure size, and larger droplet density of smaller 
‘active’ droplets. As expected, the PW morphology shows an 
enhancement in heat transfer when compared to the S 
morphology for all lc due to faster growth with identical droplet 
distributions. However, the PW enhancement over the flat 
surface is only valid for lc < 19 μm. Beyond this departure size, 
the flat surface has a higher heat flux, indicating a limit to 
coalescence induced droplet removal heat transfer enhancement 
for this particular surface. Additionally, the S morphology 
surface always shows degradation when compared to the flat 
surface, i.e., the addition of the P-C-G resistance hinders 
growth and dominates over the heat transfer enhancement 
gained from coalescence induced droplet removal. For this 
particular surface, lc = 10 μm, indicating a 56% heat transfer 
enhancement for the PW wetting morphology, and 71% 
degradation in performance for the S morphology when 
compared to the flat surface.     
 
 
Fig. 11. Heat flux ratio as a function of droplet coalescence length for 
surfaces with PW, S and F droplet morphologies. S morphology 
surface shows no enhancement when compared to the F surface for all 
coalescence lengths. The PW morphology surface shows increased 
enhancement as lc decreases below 19 μm. 
 
To gain an understanding of the effect of droplet morphology 
on total surface heat flux, the pillar height h in the resistance 
model was varied, for a constant solid fraction φ = 0.0177 
[Fig. 12]. The heat transfer ratio diminishes for decreasing h 
due to the vanishing discrepancy in the P-C-G thermal 
resistance between the two morphologies. As h approaches 
zero, the ratio does not approach 1 due to the initial contact 
angle difference between the two morphologies. For larger lc, 
the ratio decreases due to conduction resistance (Rc) limited 
droplet growth, eliminating any initial enhancement obtained 
by having early departure of droplets. 
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Fig. 12. Heat flux ratio of the PW surface to the S surface as a 
function of droplet coalescence length, lc. For the nanostructured 
surface the coalescence length is the departure length, Re. 
 
A similar comparison is done between the PW and F surface for 
decreasing values of h [Fig 13]. As expected, the heat flux ratio 
increases as h decreases due to the diminishing P-C-G thermal 
resistance. It is important to note, as the coalescence length 
scale approaches ~100 nm, the heat flux ratio decreases sharply. 
This result is due to the droplet curvature resistance (Rc) which 
becomes dominant at small length scales. 
 
 
Fig. 13. Heat flux ratio of the PW surface to the F surface as a 
function of droplet coalescence length, lc. For the PW surface, the 
coalescence length is the departure length, Re. 
 
Figure 14 shows the heat flux (q”) as a function of ΔT between 
the saturated vapor and substrate surface. For the experimental 
conditions in this study (lc = 10 ± 2 μm), the results clearly 
show the performance enhancement created by surface 
nanostructuring which results in droplets forming in the PW 
morphology. However, depending on the morphology, 
nanostructuring can deteriorate the surface heat flux when 
compared to a flat silanated surface if the nucleated droplets 
maintain the S morphology. 
 
 
Fig. 14. Heat flux (q”) versus temperature difference (∆T) for surfaces 
having distinct PW, S and F droplet morphologies (h = 6.1 µm, l = 2 
µm, d = 300 nm, φ = 0.0177, P = 4000 Pa). Heat flux enhancement 
occurs for PW morphologies, while degradation occurs for S 
morphologies. 
 
CONCLUSIONS 
 
In summary, we show the importance of droplet wetting 
morphology on condensing growth rate on Cassie stable 
surfaces via an in situ ESEM study of a coexisting of S and PW 
morphologies on a superhydrophobic structured surface. The 
PW wetting mode was shown to have a 6× higher initial growth 
rate than the S mode due to the increased contact with the 
substrate. Experiments were validated using an analytical heat 
transfer model, and are in good agreement. Calculation of the 
heat transfer ratio of PW to S wetting morphologies for varying 
droplet coalescence lengths shows the heat transfer of the PW 
droplets to be 4-6× more effective. To compare the heat transfer 
enhancement, PW and S droplet heat flux is compared to that of 
a flat superhydrophobic silane coated surface, showing a 56% 
enhancement for the PW morphology, and 71% degradation for 
the S morphology. This study provides insight into the hereto 
unidentified importance of local wetting morphology on droplet 
growth rate during superhydrophobic condensation, as well as 
the importance of designing CB stable surfaces with PW 
droplet morphologies to achieve enhanced heat during dropwise 
condensation. 
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NOMENCLATURE 
d     Pillar diameter [m] 
E*     Wetting-state energy ratio [-] 
h     Pillar height [m] 
hfg     Latent heat of vaporization [J/kg] 
hi     Liquid-vapor interface heat transfer coeff. [W/m·K] 
kHC     Hydrophobic coating thermal conductivity [W/m·K] 
kP     Pillar/substrate thermal conductivity [W/m·K] 
kw     Water thermal conductivity [W/m·K] 
l     Pillar center-to-center spacing [m] 
lc      Coalescence length [m] 
?̇?     Mass rate of condensate formation [kg/s] 
N      Large droplet population density [m
-3
] 
n      Small droplet population density [m
-3
] 
Ns     Number of nucleation sites per unit area [m
-2
] 
P      Vapor saturation pressure [Pa] 
q      Individual droplet heat transfer [W] 
𝑞  ̅̅ ̅̅ ̅     Partially wetting morphology drop heat transfer [W] 
𝑞 ̅̅ ̅     Suspended morphology drop heat transfer [W] 
q”      Heat flux [W/m2] 
r      Surface roughness [-] 
R     Droplet radius [m] 
R*     Minimum droplet nucleation radius [m] 
?̂?     Effective maximum droplet radius [m] 
‹R›     Average experimental droplet radius [m] 
Re     Droplet interaction radius [m] 
Rc     Droplet curvature thermal resistance [K/W] 
Rcd     Critical radius when Rc = Ri [m] 
Ri     Liquid-vapor interfacial thermal resistance [K/W] 
Rd     Droplet conduction thermal resistance [K/W] 
Rhc     Hydrophobic coating thermal resistance [K/W] 
Rp     Pillar structure thermal resistance [K/W] 
Rg     Pinned liquid region thermal resistance [K/W] 
?̅?     Gas constant [J/mol·K] 
S     Suspended [-] 
t     Time [s] 
ΔT     Surface subcooling temperature [K] 
ΔTc     Droplet curvature temperature drop [K] 
ΔTHC     Coating layer conduction temperature drop [K] 
ΔTi     Liquid-vapor interfacial temperature drop [K] 
ΔTd     Droplet body conduction temperature drop [K] 
ΔTP,S     Suspended droplet pillar temperature drop [K] 
ΔTP2     Pillar, coating and gap temperature drop [K] 
Tb1      Liquid temperature at the droplet base [K] 
Tb2      Temperature of pillar tops beneath coating [K] 
Ti      Liquid-vapor interfacial temperature [K] 
Tsat      Vapor saturation temperature [K] 
Ts       Substrate/wall temperature [K] 
Ts’       Substrate subcooled region temperature [K] 
V      Volume [m
3
] 
W      Wenzel [-] 
 
Greek Symbols 
α     Condensation coefficient [-] 
θ      Contact angle [°] 
φ      Solid fraction [-] 
σ      Surface tension [N/m] 
ρw      Water density [kg/m
3
] 
vg      Water vapor specific volume [m
3
/kg] 
δ     Thickness [m] 
τ     Sweeping period, [s] 
τPW      Partially wetting droplet coalescence time [s] 
τS      Suspended droplet coalescence time [s] 
 
Superscript 
CB      Cassie-Baxter 
PW     Partially wetting 
 
Subscripts 
a      Advancing 
c      Curvature, critical, coalescence 
CB     Cassie Baxter 
d      Droplet 
e      Equilibrium, effective 
F      Flat 
g      Pinned liquid region under droplet 
HC      Hydrophobic coating 
i      Liquid-vapor interface 
p     Pillar 
PW     Partially wetting 
P-C-G  Pillar, coating, pinned liquid region 
r     Receding 
S     Suspended 
w     Water 
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